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  Attributed to the high engine operating temperatures and stresses at which the 
Trent 900 critical ‗Group A‘ parts operate, the predicted damage tolerant life for a 
number of components is tending toward the engine shop-visit interval. 
  This report provides an introduction to the issue, discusses the scope of the 
project and details the robust Six Sigma‘s DMAIC strategy followed throughout the 
project duration. This project brings number of improvement proposals to reduce the 
possibility of damage occurring to critical parts during their build, assembly and 
overhaul process.  The build processes of the High Pressure Turbine Disc (HPTD) have 
been examined in detail. The strategy followed allowed to identify the areas in the build 
process where turbine disc is vulnerable to the potential of damage. Root causes of the 
problems have been identified and recommendations have been proposed for high 
priority areas.  
  Although this report primarily focuses on the Trent 900 HPTD build process, 
many of the recommendations proposed have potential for read-across to other critical 
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This chapter gives a brief introduction of Rolls- Royce plc and its global operations with 
some information on its revenues and profitability. Rolls-Royce business model and how Rolls-
Royce aerospace division fits within the aerospace industry as a whole is also discussed in this 
chapter. 
 
1.1 Rolls-Royce Company Introduction 
 
Rolls-Royce is a global business providing integrated power system for use on land, at 
sea and in the air with a corporate headquarters in Derby, UK. The company focuses on four 
markets i.e. Civil Aerospace, Military Aerospace, Marine engines and Energy. Rolls-Royce has 
become a truly global Group, providing ‗mission critical‘ power and propulsion systems to a 
wide range of customers in over 120 countries. In 2009 the group‘s order book increased to a 
record £58.3 billion, with underlying revenue growing 11 per cent to £10.1 billion and 
underlying profit before tax improving four per cent to £915 million. Figure 1 & Figure 2 below 
shows trend of group revenue and order book respectively. Table 1 below shows % segment wise 
revenue. 
 
          
          
            Figure 1 – Group Revenue                            Figure 2 – Group Order Book 
 
                    





Table 1 % Segment wise Revenue 
% Segment wise revenue 2005 2006 2007 2008 2009
CIVIL AEROSPACE 53% 53% 52% 49% 44%
MILITRY 22% 22% 21% 18% 20%
MARINE 17% 18% 20% 24% 26%
ENERGY 8% 7% 7% 8% 10%
Total Revenue ( £m ) 6,458 7,353 7,817 9,147 10108  
 
This project is being carried out at Rolls Royce‗s derby site making engines for Civil 
aerospace sector. At this site wide range of engines are made which powers aircrafts from 
general aviation to business jets and the world‘s largest airliners. Powering more than 30 civil 
aircrafts type from small executive jets to largest airliners, 44% of group revenues come from 
civil aerospace sector. Nearly 80% of group‘s order book is filled with civil aerospace engines. 
In civil aerospace business, product category is further divided into large aircraft engines, small 
aircraft engine & helicopter engines. Rolls-Royce Trent is the name given to a family of high 
bypass turbofan gas turbine engines manufactured by Rolls-Royce which are large aircraft 
engines. Different version of Trent Engines presently manufactured are Trent 500, 700, 800, 900, 
1000 & XWB with Trent 700 being the first engine in the highly successful Trent family & 
XWB in development. Versions of the Trent are in service on the Airbus A330, A340, A380 and 
Boeing 777, and variants are in development for the forthcoming 787 and A350 XWB. Its 
overall share of the markets in which it competes is around 40%. Sales of the Trent family of 
engines have made Rolls-Royce the second biggest supplier of large civil turbofans after General 
Electric. The Trent family philosophy continues to demonstrate significant advantages with the 
introduction of new technology for established engines. Upgrades for the Trent 700 have 
enhanced its performance and fuel efficiency and a similar package is planned for the Trent 900. 
Technology being developed for new engines such as the Trent 1000 and Trent XWB will 
continue to provide operational, performance and environmental advantages across product 
range. Orders for the Trent 700 and the Trent XWB now exceed 1,000 engines for each 
programme. For the Trent XWB this marks a significant demonstration of customer confidence 





                          Figure 3 – Different Modules of Engine 
 
Trent engines are assembled in separate modules which provide ease in maintainability. See 
Figure -3. 
There are 8 different modules which makes one complete engine. The Modules are: 
Module 1- Low pressure (LP) compressor rotor 
Module 2- Intermediate pressure (IP) compressor 
Module 3- Intermediate Case Intercase 
Module 4- High Pressure (HP) System 
Module 5- Intermediate Pressure (IP) turbine 
Module 6- High speed gear box 
Module 7- Low pressure (LP) compressor fan case 








1.2 Rolls-Royce Business Model: 
 
Discussion on this part of chapter is restricted to element of business model relevant to 
this project. One of the key component of Rolls-Royce business model is to sell the engine on the 
basis of Power by Hour contract, this new approach is already reshaping customer-supplier 
relationships in defence and aerospace contracting under the name "Performance-based 
Logistics" (PBL). Customers and suppliers of mission-critical products, such as semi-conductor 
manufacturing equipment, commercial aircraft and military weapon systems, are recognizing that 
the acquisition of world-class products is not sufficient, but rather it is necessary to provide 
superior, cost effective maintenance and support services throughout the after-sales phase of the 
customer-supplier relationship. A major focus of these efforts involves re-designing the 
contractual and implicit relationships between customers and suppliers in the service support 
supply chain. According to Morris A. Cohen and Serguei Netessine, and doctoral student Sang-
Hyun Kim, performance-based contracting may also "improve product availability and reduce 
the cost of ownership by tying a supplier's compensation to the output value of the product 
generated by the customer.‖ 
 
Rolls-Royce sells the engine for an agreed price, and takes full responsibility for its 
maintenance for a fixed price per flying hour. The rate paid by the customer is charged per flying 
hour, and Rolls-Royce would then be expected to carry out all the required maintenance of these 
engines. (Source: Implications of ‗Power by the Hour‘ on Turbine Blade Lifting). Today, 
"engine manufacturers General Electric, Pratt & Whitney, and Rolls-Royce all have 
performance-based contracts with commercial airlines in which their compensation is tied to 
product availability (hours flown),"Hence its become absolutely necessary to ensure increased 







1.3 Challenges facing the industry 
 
The biggest challenge facing the industry is a maturing market, slowing growth and 
industry consolidation. Since growth is slowing and each level of the supply chain is 
consolidating, it puts pressure on each layer to become efficient and cost effective to survive and 
gain market share from its rivals. This defines the opportunity for operational improvements at 
each layer of the supply chain because the survival of each company depends on whether it can 
deliver a better quality product at a lower cost, and on time to its customer base. Keeping in mind 
the present economic scenario, Sir John Rose, Chief Executive of Rolls-Royce has emphasized 















2. Background of Project  
This chapter gives information about the origin of the project, data that supports selection of the 
project and its benefits to the company. Information about the critical components of engine and 
handling damage that occurs to these components is also discussed. 
2.1 Project Origin 
 There is a very strong interest in gaining maximum utilization of engine as a 
whole, and various aspects of fleet management process are coming under increase scrutiny to 
assess whether any spare capacity can be exploited. One area which is being to ever closer 
scrutiny is life of the component. 
 Any engine part identified with a primary hazardous failure mode is classified as a 
critical component, or Group-A part.  For a civil application, this typically includes engine discs, 
drums and shafts. All critical components are designed to a specific service life and are removed 
from service at or before this elapsed time so that probability of fatigue failure is remote. Life of 
the component is predicted on number of failure mechanism one of which is damage tolerant life. 
Damage tolerance is a property of a structure relating to its ability to sustain defects safely until 
repair can be effected or the structure replaced. This is commonly used approach in aerospace 
engineering to manage the extension of cracks in structure. 
 
Attributed to the high engine operating temperatures and stresses at which the Trent 900 
critical parts operate, the predicted damage tolerant life for a number of components is tending 






                                         







                                                      Figure 4 Project Origin 
This project originated from the fact that the lives of certain critical engines parts of the 
Trent 900 are falling short of the business case. 
From a simplistic point of view (figure 4), the drivers behind this problem are: 
 The trend in the cores of the Trent engines running hotter and spinning faster. 
 The chance of damage occurring to the critical parts during build and assembly 
process. 
It is assumed that the former point is only going to become more significant and so in 
order to try to solve the problem of critical part lives; it is advisable to try to reduce the 
chance of mechanical damage occurring to the parts.  
 
2.2 Handling Damage 
 
A component may suffer mechanical damage by mishandling during the processes of 
manufacture, engine build, engine strip, overhaul and rebuild. Consideration of handling damage 
is important because damage that escapes detection and enters into service has the possibility to 
generate a fatigue crack and threaten the declared life of the component. If a Trent critical part 
becomes damaged, the predicted life of the damaged part can be close to the shop visit interval. 
This is a potential safety concern.  
Handling damage is generally readily seen on the surface of a component. The deeper the 
damage, the larger surface area it occupies and the more visible it becomes. Handling damage 
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has depth, length and width that are all visible to the eye. There are a number of visual inspection 
processes in the build and overhaul procedures whose purpose is to find handling damage. In 
addition to this it is custom and practice that damage observed to happen or found at any stage of 
the handling process is reported. Thus a proportion of the handling damage that occurs to 
components is recognised and remedied before ever being exposed to the service environment 
All handling damage found at manufacture or at build prior to engine delivery is judged by 
the Rolls Royce component quality manuals and either sanctioned or rectified and sanctioned by 
the Manufacturing or Build Concession process.  
All handling damage found at Engine Overhaul is judged according to the Rolls-Royce 
engine manuals and either sanctioned or rectified and sanctioned by the Technical Variance (TV) 
process. Handling damage identified through the TV process may have flown or it may have 
been created, found and rectified at that overhaul without entering into service. 
 
2.3 Critical Group A Component 
Following components were identified as a critical part (Group A) of the Trent engine: 
 High Pressure Turbine Disc (HPTD) 
 Intermediate Pressure Turbine Disc (IPTD) 
 High Pressure Compressor Stages 4, 5, 6 and cone (HPC) 
These parts are in particular were most at risk from having an insufficient damage 
tolerant life. These parts are also in the hottest and fastest spinning area of the engine and 









2.4 Sample Defects: 
Figure 5 shown below shows the sample of defect. Defect can like dents, scratches, nicks etc on 
the surface of the component. 























2.5 CONCESSION DATA 
 
As discussed earlier, all handling damage found at manufacture or at build prior to engine 
delivery is judged by the Rolls Royce component quality manuals and either sanctioned or 
rectified and sanctioned by the Manufacturing or Build Concession process. Concession data log 
sheet was obtained from module build QAE‘s. Data‘s were filtered to failure mode as ―Damage‖ 
as mentioned in concession sheet. It was noticed that around 47 concessions were raised on Trent 
900 from year 2008 to 2010 across production assembly operation (PAO‘s). The figure 6 below 
shows the trend of concession from year 2008-2010. Figure 7 shows all the concessions raised on 
all engine type from 2008-2010.The concession data presented here may also contains non-
critical components.  
 
 
Figure 6 Concession Raised on PAO’s from 2008-2010 
 
 








2.6 PROJECT BENEFITS 
  
If components are damaged on build, Concession paperwork has to be raised to sentence 
the damage. This paperwork can require approval from a number of parties, costing time and 
money. It is estimated that over the past 6 years, Concession activity related to handling damage 
has cost around £170,000 .Reducing the likelihood of damage occurring has the potential to 
dramatically reduce this number. Cost of processing one concession is estimated to be £1000. 
(Average man hrs to process concession x assumed man hrs cost rate Concession cost: 40 man 
hrs x £25.00 = £1000) Standard cost worksheet can be found in Appendix-1 
 The risk of component handling damage contributes to the whole engine level of risk 
This additional level of risk can potentially penalise the declarable life of a component .Reducing 
this level of risk, by improving handling practices, is worth in excess of £10M for the Trent 900 
due to increased service life. Multiplied across 3 engine marks (Trent 900, Trent 1000 & XWB) 
this work is worth in excess of £30M. Given the proprietary nature of information relating to 
lifing and product cost, it is not possible to disclose the life cycle cost analysis breakdown. It is 
clear to Rolls-Royce that there is a significant financial benefit to be realised by improving their 











3. Literature Review 
 
As the project was related to life extension of the critical components of aero engines, literature 
review started with to understand the need to life extension. Then review was done on fracture 
critical components of aero engines and brief review of lifing methodology used by designers to 
determine the life of the components. Discussion later in the section is related to importance of 
quality and how it is related to life extension project. Six Sigma‘s DMAIC methodology was 
reviewed as the project was taken as a Six Sigma improvement project by Rolls-Royce 
production assembly operations (PAOs). Various tools and techniques used for the improvement 
process are also discussed in brief. While working on the project it was discovered that there are 
some Systemic issues which surfaced as a root cause of the problem. Hence some review was 
done on the systemic thinking in organization & need of culture change for continuous 
improvement program.  
 
3.1 Lifing of Fracture critical components 
 
Like many other industry, in aerospace industry there is strong attention given to 
maximizing the utilization of existing assets. From the viewpoint of aero engines one to the ways 
this manifests itself is in the attempt to maximize the life of the critical components of the engine 
(shepherd et.al 2004). Within the aerospace sector, gas turbine engine operators are under 
constant pressure to maintain or increase performance while at the same time reducing the cost. 
In civil sector the economic downturn over the last few years has forced airline to reduce the 
margin to very low levels. 
Aeroengine components are classified into fracture ‗critical‘ or ‗non-critical‘ depending 
on the consequences that a malfunction might have on the integrity of the aircraft. Turbine and 
compressor shafts are identified as the major fracture critical components. Fracture-Critical 
Hardware, Component, or Part ,as defined in NASA‘s technical report, are those that assumes 
that cracks in the hardware, component, or part could lead to a catastrophic failure, an event that 
results in loss of life, serious personal injury, loss of the manned flight system, or national asset. 
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Aero engine critical parts undergo cyclic loading during their operational usage or when in 
service. Due to the nature of this loading, the material experiences fatigue at some highly 
stressed areas, which leads to initiation and propagation of fatigue cracks.  
 Probability of part failure increases as a crack grows beyond certain depth. Hence to 
maintain the structural reliability of the engine in accordance with the required safety standards it 
is necessary to withdraw a part from service before an accepted risk level is exceeded.  
 Since it is not practical to design engine component capable of containing such events, it is 
essential to ensure that their occurrence in service is an extremely remote possibility. Hence a 
fundamental requirement of both military and civil for engine certification is therefore to ensure 
the continued airworthiness. Thus for fracture critical components, airworthiness regulations 
require that a maximum permitted service life be identified, such that the probability of failure 
occurring before this life is reached is extremely remote (A.D. Boyd-Lee and D.P. Shepherd) 
Hence life of the component in terms of fatigue life is given by manufacturer. Fatigue life of 
a part is defined as the number of cycles (with a given stress range at given temperature 
conditions) that the life limiting critical area of that part is able to endure until a crack with 
specified properties has developed (Broede and Köhl. 1998). 
  
3.1.1 Damage Sources: 
Handling damage, in assembly operations, may be caused by contact with tooling during 
build or strip, collision during movement, contact damage from lifting fixtures, movement of the 
component across an abrasive, surface or the dropping of objects such as hand-tools onto the 
component. The consequence of this mishandling in formation of scratches, dents, nicks etc on 
any feature of the critical parts. These scratches are potential origins of in-service fatigue failure 
as it was highlighted by several cracking events in the industry. On the other hand the 
replacement of the scratched discs is prohibitive as they are some of the most expensive parts of 
an aircraft engine and consequently it is aimed to optimize their lifetime (Silveira, Atxaga and 
Irisarri 2009).  
This can be only achieved if potential of causing handling damage in the process is eliminated or 
reduced. Hence there is a need to improve the quality of the product by producing parts which 




3.2 Continuous improvement (CI) 
 
CI is a philosophy that Deming described simply as consisting of ―Improvement initiatives that 
increase successes and reduce failures‖ (Juergensen, 2000). According to Kossoff (1993), total 
quality can be achieved by constantly pursuing CI through the involvement of people from all 
organizational levels. Several company‘s management encouraged employee-driven 
improvements, and incentive programs were set in place to reward employees that brought about 
positive changes in the organization (Schroeder and Robinson, 1991).Continuous improvement 
culture should be embedded deep in to organizations and must be a way of life in doing any 
activity. In the past many companies paid much attention to scientific approach of solving 
problems for achieving improved efficiency, yield and labour standards. Modern day CI is 
associated with organized and comprehensive methodologies in which typically the overall 
organization, or large part of it, is involved in change (Nadia Bhuiyan and Amit Baghel 2005). 
Lillrank and Kano (1989) refer to CI, or kaizen, the Japanese term for CI, as the ―principle of 
improvement‖. Imai (1986) proposes that there exist at least three types of kaizen: management-, 
group-, and individual-oriented kaizen. Management-oriented kaizen is considered to be the most 
important one as it focuses on the company strategy and involves everyone in the company. 
Group-oriented kaizen is best represented by quality circles, which require employees to form a 
team or a circle with the goal of finding and solving problems faced during their day-to-day work 
without any interference from management. Individual-oriented kaizen is derived from the 
concept of bottom-up design, in which the worker makes a recommendation to the problem 
faced. This has been very successful in the Japanese industry since it is the worker who is on the 
shop floor and typically knows the best solution to an existing problem. In order to reap the best 
benefits of CI, best method for implementation of improvement activates should be decided upon 
appropriate evaluation of product design, process selection & degree of standardization. 
 
The core objective of Quality programme is to improve the performance of processes. By 
improving processes, it attempts to achieve three things: the first is to reduce costs, the second is 
to improve customer satisfaction, and the third is to increase revenue, thereby, increasing profits. 
In today‘s competitive market place demand of competitors are ever-increasing as they require 
improved quality of product, faster with low cost. These days quality has become ―order 
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qualifiers‖ An order qualifiers are characteristic of a product or service that is required in order 
for the product to be even considered by customer. 
 
For successful implementation of any quality improvement program a continuous interaction 
between customer, operations and other part of the organization is essential. Figure 8  shows how 
this interaction occurs through quality cycle. The marketing department usually determines the 
need of the customers, there needs are either expressed directly by the customer or obtained 
through market research. Engineering, in conjugation with Cross functional team (CFT) 
members, design the product that meets the customer requirements making sure that design 
specified by the customer fits within current or future production capabilities. CFT members can 
be members from different department within company along with representatives of supplier 
and customers. Once the design concept and specifications have been completed, the quality of 
design has been established. Operations, as a part of quality team, then produces the product as 
specified. The quality team must always ensure that the quality is met with the specification and 
also strive to reduce the variation from the process and products over time. In this way 
continuous improvement occurs. For all this to happen efficiently there is a need to have a 
concurrent engineering approach in design and development stage. In today‘s market place 
decisions must be made quickly and they must be done right the first time out. Concurrent 
Engineering is a systematic approach to the integrated, concurrent design of products and their 
related processes, including, manufacturing and support. This approach is intended to cause the 
developers from the very outset to consider all elements of the product life cycle, from 
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Figure 8 The Quality Cycle 
 
3.3 Quality Improvement Programme for Continuous Improvement: 
 
Total Quality Management (TQM) and Business Process Reengineering (BPR) Programs gained 
tremendous popularity as combinations of practices for continuous process improvement. 
However, after prevailing for some time these programs were dismissed by many as fads that 
mainly benefited the consultants who advocated them (Abrahamson, 2004; Miller et al, 2004). 
For this project structured approach of Six Sigma way quality improvement programme was 
utilized as a guide for the entire project. Six Sigma is both a philosophy and a methodology that 
improves quality by analysing data with statistics to find the root cause of quality problems and 
to implement control. Six Sigma makes use of quality engineering methods within a defined 
problem solving structure to identify and eliminate process defects and solve  problems to 
improve yield ,productivity, operating effectiveness, customer satisfaction etc.(Bhote & Bhote 
1991Harry & Schroeder 1999;McFadden 1993;Pande et al 2000;Pyzdek 2003).The goal of Six 
Sigma programme is value creation through quality improvement. It is based on well 
established quality management ideas of understanding and eliminating the causes of variation 
and robust designing of manufacturing and assembly.  
Six Sigma is a metric of process measurement symbolized by the Greek letter Sigma that 
represents the amount of variation with a normal data distribution. Fundamentally, Six Sigma 
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quality level relates to 3.4 defects per million opportunities (DPMO). The focus of Six Sigma is 
not on counting the defects in processes, but the number of opportunities within a process that 
could result in defects so that causes of quality problems can be eliminated before they are 
transformed into defects (Antony, 2006). 
 
3.4 Process Improvement – The Six Sigma Way. 
 
The Sigma scale measures Defects Per Million Opportunities (DPMO). Six Sigma 
equates to 3.4 defects per million opportunities. The Sigma metric allows dissimilar processes to 





Figure 9 – Six Sigma DPMO 
Six Sigma practitioners apply the rigorous DMAIC (Define, Measure, Analyze, Improve, 
Control) methodology to analyze processes in order to root out sources of unacceptable variation, 
and develop alternatives to eliminate or reduce errors and variation. Once improvements are 
implemented, controls are put in place to ensure sustained results. Utilizing this DMAIC 
methodology gives us very structured approach of problem solving and powerful continuous 
improvement methodology. The Six Sigma DMAIC methodology aims for continuous 









The Define phase is the most critical phase of the five. As Aristotle said, "Well begun is 
half done." The team determines the boundaries of the process area to improve and the 
requirements for the output of that process. The team answers the question "What is important 
to the business?" 
Before starting any six sigma quality improvement program it may require validation and 
refinement, even it is offered form management. Therefore, the team's first step is to take the 
opportunity as given to them and to refine it to make it their own. A good six sigma project 





 The charter carries information regarding the problem definition, scope of project and 
team members involved in the improvement project. Apart of this define phase should also 
contain information regarding historic data and origin of the project. Selection of any project 








Voice of Customer: 
 
 To ensure the team is working on what is important, the Voice of Customer (VOC) needs 
to be determined. The VOC data are what the customer wants and needs. VOC are then 
translated into critical to critical quality (CTQ) requirements. The particular subject of a project 
is made measurable in the form of one or more quality characteristics, which most Six-Sigma 
authors (Harry, 1997; Hahn et al., 2000; Pande et al., 2000; Rasis et al., 2002; Snee, 2004) call 
critical to quality characteristics or CTQs. A CTQ is measure of the output of the process. Any 
variation in the output form the set standards creates non- conformance and eventually customer 
dissatisfaction. Other terms used to denote the same concept are key process output variables 
(KPOV‘s) (Breyfogle, 1999), and Y’s (Hahn et al., 1999). 
 
Understanding the Process 
 
Before understanding the variation in the output, there is now need to understand what 
does process means and how disturbance in the process results in to variation which leads to non 
conformance of quality standards. A general definition of a process is an activity or series of 












Literally, the inputs can be anything like labour, materials, information, temperature, 
humidity and weight. Inputs are either control factors which can be physically controlled, or 
noise factors which are considered to be uncontrollable, too costly to control, or not desirable to 
control. These influence factors, and especially the ―vital few‖, are referred to as Xs, root causes 
(Hahn et al., 1999; Pande et al., 2000; Eckes, 2001; Rasis et al., 2002; Snee, 2004), key (input) 
process variables (KPIV‘s) (Breyfogle, 1999; Hahn et al., 2000), leverage variables or 
independent variables (Harry, 1997). The model of in terms of processes and improvement is that 
y is a function of x and v. Y = f(x1, x2, ..., xn; v1, v2, ..., vn). Here, Y represents the result 
variable (characteristics of the process or product), x represents one or more control factors, and 
v represents one or more noise factors. Six-Sigma projects aim to achieve improvement by 
identifying factors that influence the relevant CTQ‘s. The message in the process is to find the 
optimal levels of x variables which give desired values of y as well as being robust to the noise 
factors v. The word ―robust‖ means that the y values are not changed much as the levels of noise 




Process variation is deviation of a value from a standard or a norm. Sources of Process variation 
is important to know to improve the process The customer is always evaluating, products and 
processes to determine how well they are meeting their requirements; in other words, how well 














The team determines how the current process is performing compared to 
the requirements. The team answers the question "How are we doing with the current 
process?" 
 The measurement phase should identify the appropriate data collection tool. At this phase 
of improvement, accurate data collection is very improvement to understand the process 
behaviour & verify current state of performance. This phase also forms the strong foundation for 
the next phases. 
Determining X variables: 
As discussed in the previous section, The X's are process and input variables that affect 
the CTQ's or Y. The first consideration in the Measure phase is to identify the X data to be 
collected. The Y data are needed to establish a baseline of the performance of the process. The X 
data are collected concurrently with the Y's in this phase so that the relationships between the X's 
and Y's can be studied in the Analyze phase.                                                                                                                         
 
3.4.3 Analyze: 
 In the Analyze phase, the question to be answered is "What is wrong?" In other words, in 
this phase the team determines the root causes of the problems of the process. The problem with 
the process is identified at Define and measure phase. Key deliverables from this step will be to 
validate the root cause of the problem or in other words identification of influence factors and 
causes that determine the CTQs‘ behaviour (Henk de Koning and Jeroen de Mast 2005) Some 
tools and technique to determine this root cause will be discussed in next chapter. 
 
3.4.4 Improve: 
Next phase is Improvement phase in which team needs to answer the question ―what‘s 
need to be done‖? The focus at this stage will be on the creative problem solution. The solution 
can be worked out with the cross functional team (CFT‘s) which consist members of all 
department who are directly involved in the improvement project. The key deliverable at this 
stage will be to create new way to handle input to get the desired output. Hence improvement 
phase focus on design and implementation of adjustments to the process to improve the 





Once the improvement is realized, the goal is to control the improved processes and sustain the 
Six Sigma initiative. The question the team is trying to answer is, "How can we guarantee 
performance?" The challenge, however, lies in keeping the Six Sigma initiative alive on a 
continual basis. Ultimately this phase is adjustment of the process management and control 



























3.5 Process Improvement Tools & Techniques: 
 
This section gives an overview of tools per DMAIC step. Tools come in various forms, 
such as models, analysis templates, and procedures. They intend to assist the project leader to 
obtain intermediate results within steps. This section gives an overview of the tools that are 
prescribed for each of the DMAIC phases (Henk de Koning and Jeroen de Mast 2005). 
 
3.5.1 High Level Process Map (SIPOC) 
 
Six sigma requires the creation of a process model previous to the beginning of a project 
and provides for this purpose an approach called SIPOC (supplier-input-process-output-
customer). This is a model issued to visualise and optimise processes (Hammer,2002). 
To understand the process thoroughly process should be mapped. By starting the 
mapping process at this level, it allows the team to quickly develop a common understanding of 
the process to improve and the key customers and suppliers involved in process. A SIPOC 
diagram helps to identify the process outputs and the customers of those outputs so that the voice 
of the customer can be captured. 
The SIPOC  is a high-level map of the process that "maps out" its basic process or steps  
that product passes through. The suppliers (S) provide input (I) to the process. The process (P) 
team is improving adds value, resulting in output (O) that meets or exceeds the customer (C) 
expectations. These can be better defined as: 
 Suppliers: Significant internal/external suppliers to the process. 
 Inputs: Significant inputs to the process. This would include things such as materials, 
forms, information, staff, etc. 
 Process: One block representing the entire steps of process. 
 Outputs: Significant outputs to internal/external customers. Examples of output would be 
assembled/final product, Sub assembly, Data, etc. 
 Customers: Significant internal/external customers to the process. This would include 
anyone who receives outputs. 
The maps should be based on the actual state of the process, or "as is" maps. They should 
not show the desired state at this point in the project. The team should also avoid the temptation 
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to fix the process during mapping. By starting the mapping process at this level, it allows the 
team to quickly develop a common understanding of the process to improve and the key 
customers and suppliers involved in the process. In addition, the SIPOC defines the high-level 
steps of the process. However, the SIPOC is probably not detailed enough to find opportunities 
for making the process better. More detailed mapping is required. 
 
 
                                                     Figure 12 – SIPOC MODEL 
 
3.5.2 Process Mapping: 
 
To understand the variation in the outcome of the process it is important to understand 
what are input variable and process variable. Process maps act as a visual aid for picturing work 
processes, helping align system elements in the same direction to allow process improvements 
(Curtis et al., 1992).The value of process mapping as an intermediate step leading to process 
improvements is broadly accepted (Rother and Shook, 1999; Womack and Jones, 2003). In many 
business entities, the development of process maps is an intermediate step in process 
improvements. For instance, in lean production‘s value stream mapping (VSM) methodology, 
development of a current state process map provides a basis to analyze the existing process, 
develop an improved future state map, and realize benefits when implementing the future state 
map (Hines and Taylor, 2000).Typically, process maps show what will be done, who will do it, 
when and where it will be done, and who or what depends on it being done. Discussion of the 
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benefits of process mapping is often focused on improvements resulting from revising processes 
based on future-state process maps (Rother and Shook, 1999). In these situations, the original 
process is mapped, and the resulting map is used to identify opportunities to improve the original 
process. The organization selects an existing mapping methodology or develops its own and 
applies this methodology to create their process maps. 
 
 
3.5.3 Failure Mode and Effect Analysis: 
                    
The QS 9000 FMEA manual defines FMEA as a group of activities aimed at recognizing 
and evaluating the potential failure of a product/process and its effects, identifying actions that 
may eliminate or reduce the likelihood of a potential failure mode occurring, and documenting 
the analysis process. Failure mode and Effect analysis (FMEA) is a team based technique used to 
answer question like how could things go wrong? and what are the biggest risks? FMEA 
identifies failure mode, the manner by which a failure is observed; it generally describes the 
way the failure occurs and failure effects, an immediate consequences of a failure on operation, 
function or functionality. The technique was originally formulated by NASA and since been 
incorporated into product (Design FMEA) and process (Process FMEA). Since this project 
required improvement related to process, Process FMEA was the technique used for this project 
and hence the discussion will be limited to Process FMEA (P-FMEA).Figure 13 shown below is 
the procedure used for conducting  P-FMEA. 
The process is carefully examined systematically to proactively determine what could possibly 
happen detrimental to the product at each step of the process. Depending on the severity, the 
possibility of occurrence and the ability to detect the failure, a relative priority number (RPN) is 









The P-FMEA Procedure:  
 
 
Figure 13 FMEA procedure 
Step 1: Process function / requirements: A simple description of process or steps being analysed 
Step 2: Potential Failure Modes: Identify ways in which the process could fail to meet the 
process requirements and /or design intent. 
Step 3: Effects of Failure: If the customer is the end user the effects are described in terms of 
consequences, but if the customer is the next or subsequent operations, then a failure can be 
described in terms of process/ operation performance. Each effect is given a severity number (S) 
from 1 (no danger) to 10 (critical). These numbers help an engineer to prioritize the failure 
modes and their effects. 
Step 4: Causes / Mechanisms of Failure: Causes of failure described in terms of something that 
can be co-related or corrected. In this step it is necessary to look at the cause of a failure mode 
and how many times it occurred. A failure mode is given an occurrence ranking (O), again 1–10. 
Step 5: Process Controls: This step notes down all the current process control techniques used to 
prevent failure. From these controls an engineer can learn how likely it is for a failure to be 
identified or detected. Detection (D) rankings refer to the probability of the process controls 
detecting the failure mode. 
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Step 6: Calculation of Risk Priority Number (RPN):  RPN = severity x occurrence x 
detection.They are more threshold values in the evaluation of these actions .After ranking the 
severity, occurrence and detectability the RPN can be easily calculated by multiplying these 
three numbers: RPN = S × O × D. Once this is done it is easy to determine the areas of greatest 
concern. . If the magnitude of the RPN is high, usually defined as greater than 120 (60 for a Six 
Sigma organization), corrective actions must be undertaken to reduce it (Raisinghani, 2005). 
Step 7: Actions: The failure modes that have the highest RPN should be given the highest 
priority for corrective action. This means it is not always the failure modes with the highest 
severity numbers that should be treated first. There could be less severe failures, but which occur 
more often and are less detectable. Process changes are needed to reduce the three rank values. 
The emphasis should be placed on preventing defects. 
Benefits: 
A good use of the FMEA technique can provide a manufacturing company benefits such 
as high product reliability, less design modification, better quality planning, continuous 
improvement in product and process design, and lower manufacturing cost. 
 
3.5.4 Mistake-Proofing.  
 
It was Toyota, and in particular one of their industrial engineers, Shigeo Shingo, who 
have been credited with creating the concept of zero defects and the techniques of poka-yoke. 
Poka Yoke is a Japanese term Yokeru meaning ―to avoid‖ and Poka meaning ―inadvertent 
errors‖. It is also known as mistake proofing or error proofing.  Poka yoke is not by itself an 
analytical method. It can be a useful tool when a FMEA has been concluded. It is a method to 
prevent unintentional mistakes, and it is in principle very simple. Poka-Yoke technique should be 
applied to the process to reduce the occurrence and detection ranking in FMEA. Risk of failure 
mode will reduce if poka-yoke technique is applied at high RPN ranked process. All it takes is 
imagination, to see where these mistakes could occur and to find simple solution of making those 
mistakes impossible and thereby reducing the potential of the making mistake.  
            Shingo did make a clear distinction between mistake and a defect. Mistakes are 
inevitable; people are human and cannot be expected to concentrate all the time, or always to 
understand completely the instructions they are given. Defects result from allowing a mistake to 
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reach the customer, and defects are entirely avoidable. The goal of poka-yoke is to engineer the 
process so that mistakes can be prevented or immediately detected and corrected (Fisher 1999). 
Two quotes from Shingo himself explain the simplicity of the logic:  
The causes of defects lie in worker errors, and defects are the results of neglecting those 
errors. It follows that mistakes will not turn into defects if worker errors are discovered and 
eliminated beforehand. Defects arise because errors are made; the two have a cause-and-effect 
relationship. Yet errors will not turn into defects if feedback and action take place at the error 
stage (Shingo, 1986, pp. 50, 82). 
The selected mistake proofing technique should qualify the following criteria: Solution 
should be inexpensive, based upon common sense, preferably of the operator or the 1st line 
employee and it MUST eliminate Occurrence / Detection of the problem at the source itself. 
 
3.5.5 CAUSE AND EFFECT DIAGRAM 
 
Cause and effect diagram is also know as fishbone or ishikawa diagram. Cause and effect 
diagram are used to found the root cause of the problem & identifying potential factors causing 
overall effect. Ishikawa diagrams were proposed by Kaoru Ishikawa in the 1960s, who pioneered 
quality management processes in the Kawasaki shipyards. They are usually employed where 
there is only one problem and the possible causes are hierarchical in nature. 
Cause and effect diagram are know as fishbone diagram because of their skeletal appearance. 
The effect (a specific problem or a quality characteristic) is considered to be head and potential 
causes and sub-causes are considered to be the bone structure of the fish. It is important to define 
the problem and abnormality clearly, giving as much details as possible to enable the 
identification of potential causes. 
5M Cause and Effect diagram:                                                                                                          
  The main ‗bone‘ structure or branches typically comprise of machinery, material, 
manpower, method and maintenance. Often sometime depending upon the problem to be solved 
6
th
 M is added which is Mother Nature. Causes are identified in cross functional team during a 
brainstorming session. In the following session the causes are discussed and analyzed to 
determine those which are most likely to have caused the effect. The most likely causes are 
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ranked, by the consensus of the group, in order of importance. Improvement plans, actions test 
and experiment are decided upon to both verify and address key issues. 
 
3.5.6 Brainstorming: 
  This is very important tool used at almost each phase of the DMAIC process. The basic 
purpose of the brainstorming or idea generation is to come up with a list of options for a task or a 
solution – usually a longest list that is shortened into final choice. For example, a team may 
brainstorm the countermeasures to eliminate the root cause from of the problem. This activity is 
done with members of the cross function team (CFT), usually representatives from 
manufacturing engineering, production, design, purchase and quality. It‘s important to do with 
the CFT members as it in accordance to a concurrent engineering approach in problem solving. 
Everyone is allowed to put forward their ideas. Later, the team may use brainstorming again to 
list possible measure and still later, on consensus, come up with creative improvement solution. 
The problem with brainstorming  is that everybody thinks they are good at it. In fact, it takes 
work and discipline to be truly creative. 
 
3.5.7 Standard Operating Procedures   
 
A standard Operating Procedures (SOP) is a written document or instruction detailing all 
steps and activities of a process or procedure. These procedure or steps should be carried out 
without any deviation or alteration to guarantee the expected outcome. This is also part of best 
manufacturing practices. The formulation and use of SOP‘s are an integral part of a successful 
quality system as it provides individuals with the information & guidance to perform a job 
properly, and facilitates consistency in the quality and integrity of a product. SOP‘s can also be 
referred as work instructions which operators or a users use for specific operational activities. 
Purpose 
SOP have to be prepared after successful trial of performing any operation which will 
give guaranteed desired output. This will assure the product output which will meet set standards. 
It should detail the regularly recurring work processes that are to be conducted or followed 
within an organization. They document the best identified way activities to be performed to 
facilitate consistent conformance to technical and quality system requirements and to support 
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quality plan. They may describe, for example, procedure for maintaining, calibrating, and using 
equipment/tools.  
SOP‘s are intended to be specific to the organization or facility whose activities are 
described and assist that organization to maintain their quality control and quality assurance 
processes and ensure compliance with governmental regulations.  
If not written correctly, SOPs are of limited value. SOP‘s once written should be tested 
and output should be verified before publishing it officially. .Current copies of the SOPs also 
need to be displayed or readily accessible for reference in the work areas of those individuals 
actually performing the activity, either in hard copy or electronic format, otherwise SOP‘s serve 
little purpose.  
 If the SOP‘s are not followed the even the best written SOP‘s will have no meaning and 
will fail. Therefore, the use of SOPs needs to be reviewed and re-enforced by management, 
preferably the direct supervisor  
Benefits  
The appropriate use of SOPs minimizes variation and promotes quality through 
consistent implementation of a process or procedure within the organization, even if there are 
temporary or permanent personnel changes. Hence substantial saving on training time and cost 
















3.5.8  5S  
 
Osada (1991) refers to 5S as the five keys to a total quality environment. 5S is a system to 
optimise productivity & improve quality through maintaining an organized workplace. It uses 
visual aids to achieve more consistent operational results.  
The 5S pillars are sort (seiri), set in order (seiton), shine (seiso), standardize (seiketsu), 
and sustain (shitsuke). In the daily work of a company, routines that maintain organisation and 
orderliness are essential to a smooth and efficient flow of activities.  
Sort, the first S, focuses on eliminating unnecessary items from the workplace that are not 
needed for current production operations. Set in order focuses on creating efficient and effective 
storage methods to arrange items, so that they are easy to use, and to label them, so they are easy 
to find and put away. Shine, the next step, is to thoroughly clean the work area. Daily follow-up 
cleaning is necessary to sustain this improvement. Once the first three 5S have been 
implemented, the next pillar is to standardise the best practices in the work area. Sustain, making 
a habit of properly maintaining correct procedures, is often the most difficult S to implement and 
achieve. Changing entrenched behaviours can be difficult, and the tendency is often to return to 
the status quo and the comfort zone of the ―old way‖ of doing things. Sustain focuses on 
defining a new status quo and standard of workplace organisation (Alberto Bayo-Moriones, 




3.5.9 SYSTEMIC THINKING & QUALITY 
 
 Systems Thinking is a general science which helps conceptualize entities at 
systemic level at which it has wholeness, interrelationships and dynamics as the core of 
system elements (Yuniarto and Wright 2009) .Quality problems are generally divided 
into three subsets. First is the actual problem, the basics question like what, how, who. 
Second is the detection, why was the problem not detected. Third is the systemic issue, 
what in the basic system might need correcting that allowed the problem to be created? 
Many organizations address only the problem itself and do not look at what flaw may 
exist in the governing system. According to Deming‘s quote, 94% of all the quality issues 
are management issues. The systemic issues or problem is where the process or system 
has allowed the problem to occur in the first place. For example, suppose production part 
is failing in field and the root cause found for the problem was poor tolerance on the 
drawing. Correcting the tolerance dimension is the fix. But further drill down would try 
to analyze that what was wrong with the design system that allowed the inappropriate 
tolerance to get on the drawing. The reason could be anything like lack of design review 
or misinterpretation in customer‘s requirement. However, the question lies is what system 
was in place in engineering that would have caught this issue before it was released for 
production? Hence, the real root cause would be not having a procedure in place or a 
more likely case is a procedure existed but was not being followed, followed incorrectly 
or unclear procedures. Conventionally, most quality initiatives focus on the technical 
performance of the production system. They examine in detail the characteristics of 
machine (shingo), they study the accuracy and reliability of the human and technical 
inputs to the production system. Few quality programs go beyond these technical aspects 
in any substantial manner. 
Systemic thinking attempts to deal with organizations as whole rather than parts, 
hence a holistic approach. The shift in thinking has not been strongly reflected in the 
quality literature, although the quality gurus do generally recognize in their work the 
importance of the commitment of all staff to quality initiatives, and some acknowledge 
the importance of dealing with totality of the organization (Beckford J,2002)  
33 
 
The problem is merely a symptom of a greater systemic management issue. What 
seems to be missing, however, is the need for a systemic approach to organizational 
change and improvement. For most manufacturing organizations, routine problem 
solving will not improve the product and/or process. A more systemic overall quality 
initiative such as six sigma or another method is still required. This will increase 
organizational readiness for change and thus, hopefully, increase probability of 



























3.5.10 Culture Change for Total Quality  
 
To ensure full success of the continuous improvement program there is a need to have 
fundamental changes in the organization culture. Number of core principles which needs 
to be identified and strengthen .These included: 
a) A systematic thinking & process-orientated approach to the prevention of 
quality loss at the earliest possible stage. This is achieved through effective process 
management, continuous improvement and the elimination of waste.  
b) Motivation of all employees, usually organized into coordinated teams, with 
an intense focus on customer, strong spirit of continuous improvement & proactive 
participation. The main purpose of the regular meetings among the team members is to 
achieve customer (internal and external) satisfaction through continuous improvement 
and teamwork (Goh, 2000). To achieve this result it is important for the members to have 
a good understanding of the role of customer and the involvement and commitment of 
employees throughout the organization (Besterfield, 1994). This can be done in by 
forming Quality control circles (QCC).Quality control circles (QCC) were defined by 
Ishikawa (1985) as ―small group of workers, from the same work place, who meet 
together on a regular, voluntary basis to perform quality control activities and engage in 
self and mutual development‖. The group‘s success also depends on management being 
supportive and involved (French, 1998). 
c) Empowerment of employees though training in the use of quality tools for 
problem identification, solving and improvement techniques to allow quality information 
to be obtained, evaluated and used by all. Kappelman and Richardsin in  their field study 
research indicates that empowered employees are more able to adapt to change and less 
likely to resist it, and their need for control is being met through their empowerment, 
rather than by their resistance. Finds that even in small quantities, empowerment can be a 
large contributor to success (Kappelman and Richards 1996) 
e) Most fundamentally, the creation of a responsive organizational culture 
which is centered on the needs of the customer, and driven by sincere commitment from 




3.5.11 Quality & Financial Performance 
There is close relationship between quality and financial performance of the company. First 
we shall consider relationship between quality and cost. It is worth calculating cost of 
quality, which includes prevention, appraisal, internal failures and external failures. All 
these, except prevention, are costs of not getting things right first time. Since monetary gains 
are very important for any organization, putting quality in cost terms gives a powerful means 
of communication and control. Hence it necessary to calculate cost of quality to monitor the 
financial performance of company. Reduction in cost of quality can lead to significant 
improvement in profits. This can only be achieved by improving the quality of the product. 
The potential of doing this in most companies is untapped. 
The cost of quality can be divided into control cost and failure cost. The control costs are 
related to activities that help to remove defects and poor quality issues from the production 
stream. As discussed above, this can be done in two ways prevention and appraisal. 
Prevention cost includes activities such as quality planning, new product reviews & cost 
involved in preventing defects before they occur. The other component of control cost is 
appraisal cost which is aimed at eliminating defects after they occur but before the products 
reach the customer. 
Failure cost are incurred either during the production process i.e. internal or after the product 
has been shipped i.e. external. Internal cost includes items such as scraps, rework etc.  
External cost includes warranty cost, return goods, dissatisfied customers & similar. 
Appraisal, internal failure, external failure costs are also called as cost of non conformance 
or the cost of poor quality. These three costs of poor quality can be reduced by investing in 
fourth cost, prevention. Prevention is a tremendous leverage factor. Many companies has 
found that investing in prevention activities like training, robust process planning & new 
product review they can then avoid cost incurred in later stage of production (appraisal and 




                                               
Figure 14 Cost of Quality 
Secondly, the quality improvement program also dramatically increases the revenues of the 
companies through supplying product that better meets customer needs. This increases 
customer satisfaction and thus increases sale when product are supplied meeting customer 
requirements. The effects of cost reduction and revenues improvement is shown in the Figure 
15 How Quality Contributes to profitability.It shows how quality affects reduced waste, 
greater productivity & generating greater value. Thus it creates chain effects in lowering cost 
and increasing market share which ultimately results in improved profitability. 
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Figure 15 How Quality Contributes to profitability 
(Source: Schroeder, R G(2007),‘Operations Management: Contemporary Concepts and 
Cases‘ ,3
rd







3.5.12  Customer Value Generation 
 
Goal of any organizations is to grow  businesses aggressively by profitably meeting or 
exceeding customer‘s expectations. There is clear need to accelerate the rate at which the 
company is improving so as to get and stay ahead of competitors. The leadership challenge, 
therefore, is to communicate, and to turn into action, a vision of company delivering products 
and services of very high value, with processes that deliver unmatched quality.  
 
 
Figure 16 – Cost Quality Delivery 
Value is generated for the customer via quality, price, and delivery. But in meeting these 
customer expectations, (see figure 16 ) there is also benefit to company in terms of fewer 
defects, lower costs, and reduced cycle times. It is important to understand that the reduction 
of defects is a major driver of cycle time reduction, which is, reducing all the time we take to 
fix problems. It is also a major driver in reducing total manufacturing cost by reducing the 
resources tied up in reworking defects. Of extreme importance is the idea that we satisfy 
customer needs through processes that are consistent and produce high quality components. 
Defect is the enemy of quality and therefore, is also the enemy of customer satisfaction. 
Variation adds to customer lack of confidence in the ability of company‘s processes & 












Structured approach of Six Sigma‘s DMAIC methodology was followed for carrying out the 
life extension of critical parts. It‘s a disciplined approach to problem solving and continuous 
process improvement. Six Sigma provides the right choice of tools needed to improve the 
capability and reduce the defects in process. 
Methodology Map: 
Initially, the methodology to be followed was developed to achieve the objectives of the 





























Identify Critical Feature of 
the components
Gather Historic Data
Do Focused Process Mapping 
to identify potential damage 
opportunities in process
Prepare High Level SIPOC Map 
to understand the boundry of 
process
Conduct FMEA to find 
Risk in the process.
Do Root Cause Analysis 
of concerns observed







4.1 Define Phase 
 
 First phase of DMAIC Six Sigma project is the define phase. In this phase, as 
discussed in the literature review, this phase sets the stage for the project as a whole and often 
posse‘s greatest challenge to the team. 
 
4.1.1 Problem Statement:  
 
A Technical report issued by the T900 Whole Engine Design Team into Low Cycle Fatigue 
(LCF) highlighted that due to higher engine running temperatures & greater pressures the 
predicted damage tolerant (DT) life of certain components were tending towards the engine 
shop visit interval. Hence life of the component is falling short of business case.  
 
       
                                 Figure 17 Origin of the project 
As shown in above figure 17 there are basically two main drivers of the problem i.e. 
life falling short because the core of engine becoming hotter and spinning faster and the other 
is chance of damage during the production assembly operations. Former reason is only going 
to be significant because that‘s the requirement of the engine performance. Hence it is 
required to improve the handling procedures in the build process and thereby reducing the 
opportunity of the potential damage. 
 Internally Rolls-Royce calculates LCF for each component. It is based on stresses 
and temperatures the component will experience during a flight. Then engineers then do a 
similar calculation assuming some level of damage which is known as damage tolerance life 
(DT). This is an over check to make sure that should handling damage occur during build, the 
component will still achieve its required life. Externally Rolls-Royce declares one number 
per component to the Authorities/Airlines – this is in terms of declared safe cyclic life 
(DSCL) .It is measured in flight cycles. Sometimes called just 'flights' or 'cycles'. This 
number is always lower than the LCF and DT Life.  
Life Falling Short of 
business cases 
 Core of Engines Becoming 
Hotter and Spinning Faster 
 Chance of Damage During 
Manufacture & Assembly 
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Hence to claim higher life on the critical “Group A” components there is need to 
better protect critical parts from getting damaged in the production and assembly 
operations.  
 
4.1.2 Scope of the project 
 
In order to maximise the achievements of the project, the scope was limited and 
agreed with the sponsor to that listed below: 
 
In the scope: 
A) To do focused process surveillance to ensure protection of critical features of High 
Pressure Turbine Disc (HPTD) Trent 900 Engine during  assembly of HPTD ,transportation 
and fitting it in module 04( HP System). 
B) Review and Identify loopholes in the system & process. 
C) Propose and agree best practices for process improvement. 
D) Generic recommendation to read across into other civil engines. 
 
Out of the scope: 
A) Protection of Critical parts during Engine build. 
B) Component Re-design. 
















4.1.3  Aim of the project 
 
It is advisable to try to reduce the chance of handling damage occurring to the parts. 
Consequently, there is a need to better protect and inspect damage intolerant components. 
The protective measures will help to prevent the damage from occurring in the first place. 
Therefore, the aim of this project is to reduce the causes of potential handling damages to the 
critical components by implementing the robust process for protection of these components. 
This can be achieved by introducing protective tooling and management of this tooling into 
the build process. This is important as it is a benchmark of good practice & there is a 
potential to reduce costs by reducing the number of scrap parts. 
 
4.1.4 Critical Feature of High Pressure Turbine Disc: 
Since, it was now decided to focus only on the High Pressure Turbine disc (Group A 
Part) and generic improvement and recommendation will be read across all other critical 
components. Next step was to identify the critical features of the HPTD.  
For this Technical report No. EDNS01000079042 - Trent 900 HPT Disc Mk 4, Mk4a and 
Rim Cover Plate - Features requiring additional protection & inspection to underwrite the 
Declared Safe Cyclic Life of the disc was referred. 
Due to the temperatures and stresses of the Trent900 HPTD in-service the diaphragm, seal 
fins & bucket grooves are predicted to be particularly sensitive to damage. Figure 18 shows 
the HPTD and its critical features. Areas marked in red are most sensitive to damage. 
                                        
 





Figure 6.2 – HPTD Critical Features 
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4.1.5 How Does Damage Look like? 
 
Handling damages are generally readily seen on the surface of the component. The deeper the 
damage, the larger surface area it occupies and the more visible it becomes. Damage marks 
not exceeding 0.019 mm (0.00075 inch) depth and 3mm long on the shot peened Udimet 720 
Trent 900 HPT disc can be accepted as is, without repair, as testing shows no effect on 
fatigue life. 
 
Rolls-Royce data – strictly private
Define: Types of Damage ( Visual )
 
 
SURFACE DAMAGE ON CRITICAL PARTS
Handling damage is 
generally readily seen on 
the surface of a 
component. The deeper 
the damage, the larger 
surface area it occupies 
and the more visible it 
becomes.
 
Figure 19 Visual Damages 
4.1.6 Historic Data: 
 
To understand which feature of HPTD was most frequently damaged, handling 
damage data of the HPTD were collected.  Concession data  shown  earlier  in section 2.5 was 
not found to be very useful for this, as the reason of damage and feature being damaged in 
concession log book was very descriptive and hence filtering out the correct location of the 
defect was very difficult. It was then agreed with project sponsor to use technical variance 
(TV) data which are collected at overhaul base of Rolls-Royce to find the feature which is 
most being damaged. Technical Variance database represents the most comprehensive data 
available for handling damage. It is a full record of the handling damage examined during the 
last twelve years. Whilst further data could be obtained going back in time this data would 
not represent current awareness and handling practices both of which have improved during 
the period of the database. The TV database can therefore be used to understand the rates and 
severity of handling damage to individual component features differentiated by component 
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type and material type. An analysis of the Technical Variance database also showed that 
historically, the HPTD and IPTD are the parts that have received the most damage between 
1995 and 2007. 
 The TV database includes only TVs from Large Civil Engines (22B, 524, 535, 
Trent 700, Trent 800 and Trent 500). These engines have a similar range of components of 
similar sizes. These engines are built, stripped and overhauled using similar methods and 
practices. It is to be noted that the Technical Variances database does not include the Trent 
900 due to its recent introduction into service. Figure 20 shows the pareto analysis of 
features being most damaged. 
 
Table 2 – Technical Variance Data for HPTD 1996-2009  
Feature No. of TV's Total TV's % Contribution Cumulative
Fir tree 46 27.4 27.4
Bolt Flange 44 26.2 53.6
Diaphragm 38 22.6 76.2
Seal Fin 26 15.5 91.7
Hub 7 4.2 95.8
Bolt Hole 4 2.4 98.2
Bore 1 0.6 98.8
Front Drive Arm 1 0.6 99.4


















































































 HPTD is assembled in Module Build Site of Rolls-Royce, derby. Once HPTD is 
assembled it fits into Module 04 – High Pressure system. Module 04 consists of inner casing, 
HP Compressor, combustion system and HP turbine. As discussed in the scope of project, the 
process to be analyzed is HP turbine disc assembly and the process when the disc gets into 
Module 04.  
 
A SIPOC (Supplier-Input-Process-Output-Customer) diagram was used to capture the 
current or "as is" state of build process. Since quality is judged by output of the process, it is 
improved by analyzing the inputs and process variables. This exercise was carried out to have 
high level process understating and identify boundary of the process. SIPOC is very powerful 
tool to understand the process before carrying out actual mapping, analysis and improvement 
activates. It gives the general idea of who the suppliers are, what inputs are required into the 
process of building the HPTD, what are the outputs of the process and who is the customer 
(Internal/External). SIPOC, Figure 21, of HPTD was drawn to have better clarity of the 
process and its boundary. 
 
Supplier Input Process Output Customer
Components ( HPTD,RCP,RSP,Etc) 
Store - Kited Parts
Hand Tools / Lifting Tools
STORE




LIFT Sub Assembly ( HPTD)
Planners Work Instructions INSPECT
TURN Inspection Reports
BUILD Module Build
Mfg.Engg. Build Stands ASSEMBLE
Protection Covers as Reqd. 
for Transportation
TRANSPORT
Jigs & Fixtures BALANCE




Transportation Trolleys  
 
        Figure 21 SIPOC 
 
 
  Downstream Operations 
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 To aid understanding of the build processes, reference copies of the relevant 
Assembly Control Records (ACRs) were obtained.  These documents are instructions to the 
fitters and contain all the operations that the parts go through as part of their build process.  
The ACRs were helpful in identifying possible flaws in the build processes and will be an 
essential vehicle to implement improvements on the shop floor.  A change to the build 
process generally requires a change of wording in the ACRs. 
 
 Part‘s pre-kitted in store (Internal Supplier) are supplied in module build area. Fitters 
are provided with relevant ACRs (ACR 44A in case of HPTD assembly) as a reference for 
assembling the HPTD. Necessary specific tools like protection covers, hand tools, build 
stand, jigs, fixture, trolleys etc as instructed in ACR are made available on the shop floor for 
building process. Planners identify requirement of necessary toolings needed to carry out the 
process and mention them in ACR. Manufacturing Engineer outsources tooling as mentioned 
in the ACR with the help of drawings provided by tooling designers. 
 
 Process in more detail will be explained in the later section 4.2.1 – Process Mapping.  
The output of the process is subassembly to the downstream operations/workstation (Internal 
Customer). Apart of that, inspection reports are obtained which were carried during the In-
process inspection. To ensure that parts are not damaged during the transportation, protection 
covers are called out in the ACR which will go along with HPTD to next operation. The 
assembly once ready will be sent to Module 04 building area, where it is built into Module 
04.Hence the immediate internal customer is Module 04 workstation. The complete Module 















  By now boundary of process is defined. As discussed earlier in section 2.2, handling 
damage, in assembly operations, may be caused by contact with tooling during build or strip, 
collision during movement, contact damage from lifting fixtures, movement of the 
component across an abrasive, surface or the dropping of objects such as hand-tools onto the 
component. The consequence of this mishandling in formation of scratches, dents, nicks etc 
on any feature of component. It is now required to understand the sources of handling 
damage. 
 
4.2.1 Build & Assembly Process Mapping 
 
 Taicho Ohno (Ohno and Bodek, 1988), an executive at Toyota, led the development 
of the Toyota Production System and the concept of the Gemba Walk.  
The Gemba Walk is an opportunity for staff to stand back from their day-to-day tasks to walk 
the floor of their workplace to identify problems with the process and thereby opportunity for 
improvements. 
 
As mentioned in the literature review, to understand the variation in the outcome of 
the process it is important to understand what are input variable and process 
variable .Keeping this in mind, the next stage of the project was to understand and observe in 
depth the build and assembly processes that HPTD go through. For doing this Quality 
Assurance Engineers of module build area raised the Quality Instructions (QI) for focused 
process surveillance. Instruction included  key ―stop points‖ during the T900 HP Turbine 
build process ensuring that all critical areas of build are viewed & recorded .Hence it was 
also called focused Process Surveillance. 
 
The aim of this focussed process surveillance was to try and identify areas during 
build where we can improve the protection of the turbine disc to mitigate the potential for 
handling damage to occur. 
 
Why focused Process surveillance? 
• Identify the Opportunity where handling damage can occur. 
• Identify Opportunity for improvements. 
• Understand the process 
47 
 
Since it takes at least 5 shifts to completely assemble HPTD, it was agreed with QAE that 
observation points will be noted in each shift. Before actually carrying out process 
surveillance, few things to focus on during the surveillance audit were decided on the basis of 
past observations and experience. These were: 
• Adequate usage of protection cover at each work station as mentioned in ACRs. 
• Tooling Condition – Hand tools, Build Stand, Transportation trolley etc. 
• Any metal to metal contact of tooling with critical feature during build process. 
• Packaging & transportation 
 
QI no. 20188 (See Appendix 2) was raised on new launch of Trent 900 HD1077 engine. 
Operation were referred and monitored as per the sequence mentioned in ACR. A snapshot of 
QI 20188 raised for monitoring the process is shown in Figure 22 
 
 
Figure 22 Quality Instructions 
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With the approval of the Production Managers and Production Leaders, photos 
were taken of the build processes to help illustrate the issues with certain operations.  
Discussions with Quality Assurance Engineers (QAEs), the fitters working on the parts 
and many others were an invaluable source of information for pointing out known and 
potential operations during which the components may be vulnerable to damage. 
  
         After Process surveillance was competed, observation points taken in each shift for each 








 Focused Process Surveillance of HPTD  
Engine Applicability - New 
Engine Type - Trent 900





Column 1 – Mentioned all the workstation as mentioned in ACR. 
Column 2 - Operation Number as referred in ACR. 
Column 3 – Input – All the inputs like protection covers , parts, tools, drawings, special                                                                                                                                                                                                                                                                                                    
instructions which are used in building HPTD were noted down. These inputs are all 
mentioned in ACR. 
Column 4 - Process to be monitored to identify opportunity for improvements. 
Column 5 – Visual Aid. 
Column 6 -   Output against that particular process. 
Column 7 - Concerns – In this column all the flaws in the process were noted down against 
their respective process operations.   
  
To get the best result of this mapping activity, it was suggested to project leader to do Video 
shooting of the process so that video can be referred again and again to identify the 
opportunity of improvement. Also it can be archived and referred in future, if required. But 
due to shortage of time and considering the length of recording, idea of video shooting the 
process was dropped. Nevertheless, this tool proved to be very effective for finding out the 
concerns with each input required to build the HPTD and concerns related to process itself. 
1 3 4 5 6 7 2 
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Complete focused process surveillance sheet can be found in Appendix –3. A snapshot 







































W/S ACR O/P No. INPUT Process Visual Aid OUTPUT
N/A
*Rear Seal Plate,Rear 
Cover 
Plate,HPTD,Rear Seal 
Ring                                    





* Lifter Tool                                   
*Protection Covers for 
Critical Featurs                         
Lift the turbine
70




*Build Stand                                   
*Bal Procedure - HPTD                         
*Lift tool                       
*Protection Covers                
*HPTD                       
 Install on Build 
Stand
100
*Bal Procedure HPTD 
FW31970                             





*Fitting Tool                               
*Rim Cover Plate                                     
*Protective Covers
Assemble Rim 
Cover Plate to 
HPTD
120
*Freezing Container                          
*Fitting Tool                                            
*Assy. Tool                   
*Bal Procedre HPTD                                
*Protection Covers                    
Locking Rim Cover 
Plate
180
*Bal Procedure HPTD                      
*Rear Seal Ring                            
*Spanner Tool                                    
*Bolts/Nuts/Anti Score 
Plates                                     
*Protection Covers




Tools                                
*Protectors                             
*Stand                                     
*Bolt                                     
*Lift Tool                                    
Install HPT Assy on 
Balance Mandrel
550
*Dum Ring                                      
*Blade,HP Turbine -35 
Nos
*Install Blades in 
Stages
1070
*Protector                                
*Dummy Ring                             
*Blade Retaining Plate                 
*Arrangement Dwg.                                             
Install Retainer 
plates to the disc & 
blades
1080
*Fitting Tool                            
*Frz Container                      
*Dummy Ring                       
*Rear Seal Plate                         
*Spanner                        
*Assy Tool
Install the Rear 
Seal Plate to HPT 
disc Assy
1530
*Lif Beam                                   
*Lif Tool                                             
Despatch of HPT 
assy to Balance 
Area 
1550
*Fitter Balancer                             
*Lift Tool                            
*Lift Adapter                             
*Stand                                
* Transportation Trolley                
*Balancing ( Initial 




*Lift Tool                            
*Lift Adpt.
Lift the turbine from 
the transportatoin 
trolley onto the 
rotor table & then to 
Module Build Area.
*Spaner                                     
*Torque Wrench                         
*Nutrunner
Assemble HPTD to 
Module 04
47 A
HU43302 - Assy Tool No 
coating.
*No Protection Cover for 
Baffle                           
*HU43672 - Blade 















* Sub Assembly ,as 
instructed, for every next 
work station                                   
* Finished Component as 
per Specification                          
*Inspection and acceptance 
of "OK" Sub assembly for 
next operation                    
*In Process Inspection 
Results ( Data )                               
*  Protection Covers as 
mentioned in ACR for each 
Next Stage and Covers on 
critical features when 
transported form Assembly 
area to module build area 
and then to  Engine build 
area                                                   
*FW23067 Rear Seal 
Plate Packaging 
Concern.Periphery of 
plate exposed                          
*No Protection Cover for 
Fir Tree/Bucket Groove.
*HU44241 - Assy Tool 
Bend wire when 
assembling Rim cover 
plate Metal to Metal 
contact.Rubber Provided 
but not mentioned in Dwg.
*HU44241-Tool to Flatten 
Retainer Plug 
Locking.Metal to Metal 
Contact.No Rubber 
mentioed in Dwg.but 
used.
*HU40772 - Spanner - 
Coating Worn out                        
*NUT RUNNER HU43223 






















cover (PU) for Rear Seal 
Ring is Deformed and 
hence not robust 
anymore.
*HU43672 - Blade 












*HU40772 - Spanner - 
Coating Worn out                        
*NUT RUNNER HU43223 
Coating Worn out                                    
*HU40774 Spanner 
Banging Baffle 
*HU43297- Build Stand 
Baffle groove Coating Not 
mentioned in Dwg.
Critical Featue still 
exposed. No protection 
cover for Seal Fins of 
RCP,Front Seal fins.
*While Lifting No 
protection cover for Seal 
Fins of RCP,Front Seal 
fins.                                           
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4.3.1 Process Failure Mode and Effect Analysis 
 
After having understood and observed the build and assembly process, it was decided to 
perform Process FMEA. Each process step noted in process surveillance exercise was 
considered as to its impact on the HPTD with the idea that each step may cause damage to the 
disc. As the Process FMEA progresses, each potential cause which has risk (measured with 
severity, occurrence and detection capability) is the topic of  recommended actions which are 
counter measures to the risk. When completed, these actions reduce risk of handling damages 
on HPTD.  
 
The format for FMEA activity was prepared to systematically carry out FMEA brainstorming 
with team member and comp up with recommended action to subside the risk of process 
failure. One important thing to be noted at this stage is that while carrying out FMEA the 
team was more biased towards the Failure mode as ‗Manual Handling Damage‘. Hence focus 
was more on Potential failure mode as how damage can occur & their cause and effect. 
 
 







































Status as on 
02/09/10
Target
Process Failure Mode and Effect Analysis
Process -  HPT Disc Assembly    ACR 44A & 47A    Module 04
Engine Type - Trent 900                                 
 
 
Column 1 – Manufacturing assembly process: All the operation captured in process 
surveillance was noted down at this stage. 
Column 2 – Potential Failure Mode: Potential failure mode of that particular operation were 
noted down. Here the concern (Column 7of process surveillance sheet) found were kept in 
mind and accordingly failure modes were brainstormed by the team. 
Column 3 - Potential Effects of failure: Impact of failure on the HPTD, which were in most 
cases damages on the surface of the disc, eventually leading to reduction in life of the 
component and potential safety concerns. The impact criterion asks if the feature exposed 
1 2 3 5 
 
4 6 7 8 9 10 12 11 13 
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during the operation is a critical feature. This refers to the critical features of the parts which 
were discussed earlier.  
Column 4 – Severity Rating: Severity is a rating corresponding to the seriousness of an effect 
of potential failure mode. (Scale: 1-10. 1: no effect on output, 5: moderate effect, 8: serious 
effect, 10: hazardous effect) 
Column 5 - Potential causes of failure – In this Column all the causes of failure modes were 
noted down. Here also the concern (Column 7of process surveillance sheet) was taken as a 
reference. 
Column 6 – Occurrence - Rating was done corresponding to the rate at which a first level 
cause and its resultant failure mode will occur over the before any additional process controls 
are applied. (Scale: 1-10. 1: failure unlikely, 5: occasional failure, 8: high # of failures likely, 
10: failures certain). 
Column 7 – Current Process Control – These are the controls which were mentioned in ACR 
like use of protection covers, Quality Instruction, In-process inspection at particular 
workstation or Operations Etc. Reference of ACR and use of any other special instruction 
issued were referred at this stage. 
Column 8 – Detection Rating – Rating was done corresponding to the likelihood that the 
detection methods or current controls will detect the potential failure mode before the product 
leaves the production facility. (Scale: 1-10. 1: will detect failure, 5: might detect failure, 10: 
almost certain not to detect failures) 
Column 9 – Risk Priority Number (RPN) - The RPN identifies the greatest areas of concern. 
It comprises the assessment of the: Severity rating, Occurrence rating, and detection rating 
for a potential failure mode. RPN = Severity Rating x Occurrence Rating x Detection Rating. 
Criteria were agreed with the team members by which to score and subsequently rank the 
problem areas in order of significance.  This highlighted are the more pressing problem areas 
where the risk of damage occurring was highest. In general, the problem areas that ranked the 
most highly in the FMEA were those that were expected to be the most significant. 
Column 10 – Recommended Action: Improvement actions to subside the risk for potential 
failure mode were decided. Basically steps were taken to mitigate the potential for damage to 
occur. 
Column 11- Responsibility: After the recommendation actions were identified, responsibility 
were given to representative of the department in which the problem category falls. Suppose, 
Ordering new protection covers were responsibility of manufacturing engineer. Hence 
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Manufacturing engineer of Module Build shop was assigned responsibility of sourcing 
missing protection covers. 
Column 12 – Latest Status: Assigned responsible person for the recommended action was 
asked to update the status of the task assigned. 
Column 13 – Target Date: Person/Department responsible for carrying out improvement task 































4.3.2 Top Problem Areas:  
 
After having completed the FMEA of complete build operations of HPTD and ranked 
the problem areas to the agreed criteria, next step was to list to process with the top rankings.  
The problem areas were chosen not only due to their high ranking score but also on 
the basis of what the design and make team felt they could deliver on during the remaining 
length of the project. The following operations shown in table  4 were found at the most risk.                       
Table 4 -FMEA 
Manufacturing Assembly Process Potential Failure Mode




























Rear Seal Plate could 
strike while 
stacking/transportation 
Surface Damage to 
RSP,particularly to the 
other surface/periphery
7
1 .Improper packaging 
while transportation. 
Periphery Exposed.                         
2. No proper Protection 
covers
5 4 140
 Install on Build Stand
Metal to Metal contact of 
baffle in the groove where 
it seats
Dents on the baffle of the 
disc. Reduced life.
6
Coating not mentioned in 
the dwg.Groove made on 
the build stand when baffle 
was introduced on the 
turbine.(Dwg changed with 





groove to prevent 
getting baffle 
touch inner grove 
metal, But not 
mentioned in the 
Dwg.
4 120
Critical features like Front 
Seal Fins & Fir 
trees/Bucket grooves can 
get damaged
Surface damage on the 
features - Life of the 
component affected.
7
No protection Cover for 
Front seal Fin and Bucket 
grooves - Both feature 
exposed during RCP fitting
7 4 196
Fitting Tool can harm 
Bucket Groove while fitting 
RCP
Damage on the surface 
particularly on the Bucket 
Groove.
7
No coating mentioned in 
the dwg 
5 5 175
Locking Rim Cover Plate
Locking Tool if slipped can 
damage Periphery of 
Bucket groove( Critical 
feature) even diaphragm 
can be Impacted. Seal 
Fins of RCP can be also 
damaged
Damage on the 
Diaphragm & Bucket 
groove , Seals fins of RCP- 
Reducing life of the 
component
7
No protection cover 





the front seal fins  
& seals of RCP 
in the ACR but 
never had 
physically on the 
bay.
5 175
Inner groove can be 
impacted while fitting 
Dummy rotor with Disc
5 6 7 210
HU40774 Spanner lead 
can touch Bearing baffle 
while inserting in the hole 
of the tool.
5 6 7 210
Nut runner can touch the 
inner groove of the disc.
5 6 7 210
Install Blades in Stages
Blade protection cover can 
be missed.
1. Blades can be 
damaged. 2. Assemblers 
clothes and personal items 
can brush against the 
component. 
6




called out in 
ACR.(But never 
used in Assy 
building)  
5 180
PU protection Cover can 
get flimsy & less robust.
RSP will be exposed and 
can get damaged by other 
tools while assembling rest 
of the component
6
PU protection- PU covers if 
stored folded ,they may 
permanently deform. 




Covers called out 
in ACR for 
preventing 
damage.
5 180Install the Rear Seal Plate to HPT disc Assy
Damage to  inner bore by 
tool coming in M2M 
contact with inner groove 
and hitting groove no. of 
times while fitting nuts to 
on Dummy Rotor and 
turbine.
1.)Protection cover  for 
inner groove not used.                        
2.)Tooling used for fitting 
nuts Spanner/Nut 
runner/Torque wrench) 
needs coating on the area 
where it comes into metal 
to metal contact ,if coating 
is not there it will touch 
inner gro
Protection cover 
for inner grove 
provided. Some 
toolings have 
been coated, but 
further coating 





Process Failure Mode and Effect Analysis
Assemble Rim Cover Plate to HPTD





Process -  HPT Disc Assembly    ACR 44A & 47A    Module 04
Engine Type - Trent 900                                 
Goods Inwards Visual Inspection
Note: Complete Process FMEA of all the process that HPTD goes through with 
recommended actions, responsibility, status & target can be found in Appendix -4. 
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As discussed earlier in the Literature review, Y is the dependent output variable of the 
process and X1,X2,…Xn are the input and process variable. Here after doing process 
surveillance and FMEA, root causes for surface handling damage on the HPTD were very 
clear. They were – 
 Protection Covers 
 Toolings – Hand tools, Build stand etc. 
 Packaging – Packaging from supplier & Packaging while transportation from HPTD 
assembly to Module Build 
 ACR instructions 
 
Problems discovered during the process surveillance audit were all related to above issues. 
 
 Figure 23 is shown for simplicity in understanding the major drivers behind the 
surface handling damage. This is shown in terms of Y = f(X1,X2…Xn) 
Rolls-Royce data – strictly private






















After finding the root causes of handling damages, brainstorming sessions were done with the 
team members to identify the improvement opportunities related to the concerns noted with 
the process. Some of the improvement ideas were quick fixes and some needed further 
analysis before implementation .All the problems and related improvement recommendations 
are discussed in detail in following sections. 
 
4.4.1 Problems & recommendations related to protective covers: 
Purpose of protection cover is to protect the critical feature of the component during build 
process. Protection covers are either of Silicon or Polyurethane material. They are called out 
at respective operations in ACR. All the required protection covers are present on the shop 
floor. Fitters refer to ACR instruction to put on the protection cover to feature of HPTD 
where it has been called out.  Table 5 shows the problems identified during measure and 


























Actions – (Work 
Done So far) 
Responsibility Target 
1 

































Prototype trail to 
be carried out. 
ABC SHEET 
RAISED 




Rear Seal Ring 
Protection 








































Check sheet to be 
implemented 
SOP prepared.5S 
checklist to be 
prepared. 
SOP- Hemanshu. 
5S – TBD 
 





1. Front Seal Fin Protection:  
                                          
Figure 24 – Protection cover Recommendation 1 
Figure 25 shows the vulnerability of the front seal fin to damage as it is unprotected 
during build operation. Front seal fin is identified as a critical feature. During HPTD 
assembly process this feature is exposed as there is no protection cover made available on the 
build area. 
Toolings used during building process can strike or drop on the feature and hence can 
cause scratch/dent (Surface handling damage) on the feature. Fitter have to be very careful 
while assembling HPTD. For this reason protection cover was identified. This protection 
covers acts as a simple mistake proofing device, protecting critical feature in assembly. 
Protection cover for front seal fin is already identified in ACR as HU43133.But fitters 
never had it on the shop floor and hence was never used in build process. This was a quick fix 
solution. Next step was fetching the drawing from the Optegra system. Optegra is where all 
the master drawings are made available online. 
Status: Protection cover for front seal fin is ordered. 
 
2. Fir Tree/Bucket Groove: 
                             
Figure 25– Protection Cover Recommandation 2 
 
Protection cover for Bucket groove and fir tree has never been identified. This is very critical 
feature and is exposed throughout the build process and hence vulnerable to any handling 
damage. To protect this feature protection cover is designed which is as shown below figure 
27. 
Front Seal Fin 




This will completely cover the fir tree and bucket groove by fitting around the outer 
periphery of the feature. 
               
                                                                                               
Figure 26   Proposed Protection cover Design 
Feature of proposed protection cover: 
 Material of the protection should be of silicon. 
 Protection cover should be of Buckle type. 
 This protective cover concept has many positives. It is simple and cheap to produce; 
no expensive moulds are required unlike for a plastic cover. It is also simple to use 
and takes minimal time to install.  
Status: Assembly Build Complaint (ABC)  sheet is raised. ABC sheets are used to 
trigger any change in the build process. See Appendix 5 for ABC raised for this 
particular problem. 
  
3. Rear Seal Ring Protection:  
       
Figure 27– Protection cover Recommendation 3 
 
Protection cover HU43135, shown in Figure 28, used presently to protect Rear seal ring has 
got flimsy & deformed. Material of protection cover used is Polyurethane (PU). Since it has 
got flimsy, rear seal ring (Critical feature) gets exposed and thus has a potential of getting 
damaged during build process. 
 There is need to replace protection cover and have new protection cover with silicon 
material. Silicon material protection covers are more robust and does not deform readily. 
Status:  ABC sheet has been raised to QAE – Module Build area. 
 




4. Blades of HPTD Protection 
                                                                                              
Figure 28- Protection cover Recommendation 4 
No protection cover available for Blades. Blades can get damaged during to & fro 
transportation to balancing machine. Protection cover identified and ordered. 
Status: Protection Cover HU43672 Ordered. 
 
5. Looking after protection cover:  
         
   
 
                                              
Figure 29- Protection cover Recommendation 5 
 
After investigating root cause of problem no.3, it was discovered that the most likely cause of 
the badly fitting cover was the way in which the covers are stored.  While carrying out 
focused process surveillance it was noticed that protection covers are not stored in good 
condition and were stored one above another, as shown in figure 30. Polyurethane (PU) 
covers if stored folded, they may permanently deform. Silicone covers have less chance of 
distortion. It was observed that they were lying in open storage racks. Since it is not closed it 
catches dirt/dust and hence not fit for use.  
Standard Operating Procedure (SOP) (See Appendix 6) was prepared to ensure that 
the protection covers are fit for purpose and dust/dirt and foreign object damage free. This 
was a set of instructions covering those features of storing protection covers which will lend 












effectiveness. This was done to inculcate a culture of ―CONTROL CONSCIOUSNESS‖ 
among process owners and fitters on the shop floor. 
 It is also advised to store protection covers separately on its dedicated space. Any 
covers that cannot be stored in an orientation that stops them distorting under their own 
weight will need to be stored in a supportive structure, such as moulded foam or a wooden / 
plastic frame. It is recommended to have Visual Management System- 5s Check Sheet 
implemented to ensure proper storage condition. 
As discussed, PU covers can get easily deformed and flimsy. On the other hand Silicon 
covers are more robust than PU and hence it is recommended to procure silicon covers in 
future. 
Status: SOP prepared, needs to be reviewed with process owner and then to be 
displayed on the shop floor. 5S check sheet to be prepared – must align to the standard 
























4.4.2 Problems & Recommendation related to toolings. 
Toolings are used for building process. They can build stand, hand tools, lifting jigs and 
fixtures. Toolings are mostly thin plastic or rubber coated to avoid metal to metal contact. 
Metal to metal contact of tooling with critical feature is not desirable. If Impact is hard, tool 
can impact the critical feature of the disc. Hence causing surface damage. Table 6 shows the 
problems identified during measure and analyze phase of the project and recommendation for 
that problem. 
Table 6 – Problems & Recommendations for Toolings 
No. Problem Recommendation 
Actions – (Work 




inner groove of the 
build stand. Metal 
to Metal contact 
Coating on inert 
groove of HU43296- 
Adaptor Plate 
Drawing verified. No 
coating mentioned in 
drawing.        ABC 
SHEET RAISED 
ABC sheet handed 




Metal to metal 
contact of outer 
surface of bucket 
groove with fitting 
tool. 
Rubber Lining to be 
provided on HU44241 
– Assy Tool 
ABC SHEET 
RAISED 
ABC sheet handed 




Metal to metal 
contact of spanner 
with baffle. 
Tool – HU40774 
coating to be done on 
lead. 
To be analyzed if 
coating is possible. 
ABC SHEET 
RAISED 
ABC sheet handed 




Metal to metal 
contact of ratchet 
wrench with the 
inner bore of the 
disc. 
Tool - HU40773 
(OFF) & HU41341 
(ON) Ratchet Wrench 
in HU40772-1 to be 
coated. 
 
To be analyzed if 
coating is possible. 
ABC SHEET 
RAISED 
ABC sheet handed 






Needs to be recoated. 
Dwg verified. Coating 
mentioned in the 
Dwg. 
ABC sheet handed 







1 . Baffle touching inner groove of the build stand 
                                     
Figure 30 Tooling recommendation 1 
 
HU43296 – Adaptor plate inner groove touches to baffle as shown in figure 31. Hence there 
is a metal to metal contact. Turbine disc is slowly lowered with the hoist by the fitter on the 
build stand. Baffle of the disc rests in the groove of the stand. Fitter has to carefully place the 
baffle on the inner groove. If not done carefully baffle may strike to the groove and hence 
vulnerable to damage. 
The potential of tool striking the groove metal can be eliminated by proper coating the inner 
groove. There is enough clearance left between groove wall and baffle to apply coating. 
Hence medium thick plastic coating of around 0.5mm can be applied on the walls of the 
groove which comes in contact with baffle. This will avoid metal to metal contact. Just like 
protection covers these coatings also act as an error proofing device. 
Status: ABC sheet has been raised. QAE verification pending. 
 
2. Metal to metal contact of outer surface of bucket groove with fitting tool. 
                                                
      Figure 31 Tooling recommendation 2 
 
As shown in figure 32, Outer surface of bucket groove (Critical Feature) comes in 
direct contact with the fitting tool (HU44241) used to fit the Rim cover plate. To avoid this 
metal to metal contact rubber coating (kind of thick rubber) is provided by operator. But the 
rubber coating is not updated in the drawing of the fitting tool. If it not updated in drawing 
HU43296- Build 








then the same tool procured next time will come without rubber coated and hence fitter will 
have to put rubber coating on it, which might now be robust as supplier. 
 Coating has to be updated in the drawing before same tool is purchased again. 
Status: ABC sheet has been raised. QAE verification pending. 
 
3. Metal to metal contact of spanner with baffle 
                                            
Figure 32 Tooling recommendation 3 
 
Figure 33 shows how HU40774 – Spanner lead often touches the baffle while it is used to fit 
rotor with the turbine disc inside module 04. Due to often striking of tool to baffle it can 
impact baffle of the HPTD. Hence it can damage the surface of baffle. 
It is recommended to do thin plastic coating on the lead of the spanner to avoid metal to metal 
contact. 
Status: ABC sheet has been raised to investigate the possibility of thin coating on the 
lead. 
 
4.  Metal to metal contact of ratchet wrench with the inner bore of the disc 
                           
Figure 33 Tooling recommendation 4 
HU40773 (OFF) & HU41341 (ON) Ratchet Wrench in HU40772-1 Spanner touches Inner 
Bore while fitting Rotor with turbine in module 04 assembly Spanner surface to be coated. 








5. Tooling coating in poor condition – Worn out. 
          
HU40772-1 Spanner Coating Worn out
HU43223 Nut Runner Coating Worn Out - 1
HU43223 Nut Runner Coating Worn Out-2
HU43223 Nut Runner Coating Worn Out- 3
 
Figure 34 Tooling recommendation 5 
 
In this case particularly 2 toolings HU40772-1 & HU43223 were found absolutely in poor 
condition. Toolings drawings were verified and found that coating is mentioned on the 
tooling but they were not maintained in good condition on shop floor. Figure 35 Shows areas 
of toolings were coating is worn out.   
Coatings are provided to avoid metal to metal contact of toolings with critical features of the 
components. These coating requirements are first identified by ACR planner and 
Manufacturing engineers and they are then mentioned in the drawings. If coatings mentioned 
in drawing are not found in good condition at shop floor and still being used is not the sign of 
best practice in industry. This is not as per the system. The root cause analysis of these tools 
being used despite of poor coating condition is examined in the following section. 









Root Cause Analysis of poor condition of tooling & Improvement action: 
Problems related to tooling were some of the most pressing issues observed during process 
surveillance. Many of the problems found on tooling condition were related to poor 
maintenance of the tool on the shop floor. Coating provided on the toolings to avoid metal to 
metal contact were found in worn out condition. Problems were then discussed with operators 
to analyze the root cause. With the information obtained from fitter it was understood that if 
tooling coatings gets worn out they needs to be recoated as per system. But presently instead 
of recoating it, fitters put tape around the toolings – Reason being only one set of tooling 
available and hence can‘t send them out for recoating. Issue was then taken up with 
maintenance department (who looks after hand & build tooling maintenance as well) to know 
which systems were in place to get the tools repaired. Meeting with the Maintenance leader 
was found to be very informative. Maintenance leader explained the process of getting tools 
repaired. He suggested that production leader of module build area should raise ―Module 
Build STP Tooling Request‖ form (shown in Appendix) to maintenance department. 
Maintenance department will take up the request and  try to fix the tool in-house (if possible) 
otherwise will have to send it to sub contractor for getting re-coated. Sending toolings out for 




















4.4.3 Problems & Recommendation Related to Packaging 
 
Table 7 – Problems & Recommendations for Packaging 
No. Problem Recommendation 
Actions – (Work 
Done So far) 
Responsibility Target 
1 
Rear Seal Plate 
periphery 
exposed 
Ask supplier to ship 
in Box type 
packaging. 
To be discussed 






the box to 
support the part 
inside the box 
 
Disc to be supplied 
between moulded 
foam inserts and 
stored in more 
robust wooden box. 
To be discussed 




1. Rear Seal Plate periphery Exposed 
                                        
Figure 35 – Packaging problem 1 
As shown in Figure 36, FW23067- Rear seal plate (RSP) periphery was found to be exposed 
in the shop floor during process surveillance. RSP is just bubble wrapped & packed between 
two corrugated sheets. Periphery of RSP can get damaged during the transportation and 
stacking operations. It‘s a critical part that fits on the HPTD. 
Bubble wrap alone is not enough to protect this part. It should be shipped from supplier 
completed in the box with no feature being exposed. 
Status: To be discussed with supplier to ensure full protection of the RSP by shipping it 
in box. ABC sheet raised. 





2. No internal mounting inside the box to support the part inside the box. 
 
                             
                                   Figure 36 – Packaging problem 2 
 
As it can be seen from figure 37, there is very little clearance between bucket grooves 
of HPTD and walls of the box. Currently disc is bubble wrapped from supplier. Bubble wrap 
& plastic sheeting may provide too thin layer of protection especially around the fir trees of 
the turbine discs. This is not sufficient considering criticality of the feature. In transit, walls 
of box can strike the bucket grooves/Fir trees and can cause damage. 
It is recommended to have box as shown in below figure 38. This box is currently being used 
for High Pressure compressor (another critical group A component) packaging. With this 
type of packaging disc will get support from moulded form inserts. 
 
Status: To be discussed with supplier. 
 
                                              







4.4.4 Generic Recommendations - Future Actions: 
 
 Involvement of Shop floor fitters in Improvement process –Kaizen Events. 
 Discussion with fitters during focused process surveillance audit of HPTD was a great 
source of information for improvement idea generations. Active participation of fitters during 
the surveillance helped quick identification of opportunity of improvement in the process 
where damage can occur on the disc. Hence to ensure continuous enthusiasm of employee in 
the project, it is recommended to conduct frequent kaizen events. As discussed earlier in the 
Continuous Improvement literature review Section 3.2, Management should focus on group 
oriented kaizen events by forming Quality Control Circles (QCC) or Individual kaizen events 
which is concept of bottom-up design, in which the worker makes a recommendation to the 
problem faced. This will not only improve employee morale but will also speed up the 
improvement process. What management often forgets, or chooses to ignore, is that they need 
more than people‘s hands — they need their heads, too.  
 
 Approach of Concurrent Engineering. 
 While the project was in progress ,one process mapping meeting was organized by 
project sponsor to analyze the life cycle of critical components from concept design through 
overhaul (cradle to grave) to identify process and methodologies that governs the instruction 
of protection covers and toolings. One interesting point that came out during that meeting 
was lack of concurrent engineering approach in designing, procuring & using instruction of 
protection covers. Some of the protection covers which are identified by ACR planners & 
issued on the shop are not practically feasible to use them while working on the assembling 
process.  
For e.g. the protection cover (HU44190) shown below in figure 39 is used to protect inner 
stub shaft while fitting rotor to turbine disc. Though it was called out in ACR at relevant 
operations, it was not being used because fitters can‘t see nuts inside during fitting of rotor 
with turbine disc operation.                              
      





                                                                                        
The purpose of using this example is to point one example of non-concurrent engineering 
approach. ACR planners should work in cross functional team (Mfg.Engineerrs, Process 
owners etc) to determine the requirements of protection, considering feasibility of usage in 
assembly and designing as per Design for Assembly (DFA) principles.  
 
  Adequate Data collection. 
 It was noticed during Concession data collection that in-depth analysis of source of 
damage was not captured. There is need to further drill down and go to the root cause of the 
problem. For e.g. when concession is given for failure type ―Damage‖ (terminology used in 
concession sheet for handling surface damage), under description column only area of the 
component which is damaged is captured. Further analysis to go to the root cause of the 
damage was tried with the help of project leader. Unfortunately, the source of damage was 
not found. Hence it is recommended to further drill down to the root cause of the damage i.e. 
by asking question like which tool caused damaged, at which operation etc. Why-Why 
analysis can prove to be effective tool for this. Once the root cause is found, efforts can be 
directed to improve that particular cause of error. 
 
  Need to verify all drawings of the tools mentioned in ACR 44 A. 
 Verification of all tooling (hand tools, build stand etc) drawing is important to know 
whether coating is mentioned or not in drawings. If coating is not mentioned in the drawing 
but needed, then it needs to be shown on drawing first. Also, if coating is mentioned on the 
drawing but found to be in worn out condition on shop floor is against the system and not the 
best practice of manufacturing industry. 
 Looking at the time constraint of this project, only few tools used at critical operations 











 Supplier Visit  
  Sharing knowledge and experience is a key part of the continuous improvement 
process. Since turbine disc is supplied from Rolls-Royce, Sunderland plant it is 
recommended to understand what protection measures they have to prevent damage on 
critical feature while manufacturing the turbine disc. Best practice of the supplier can be 
implemented during assembly process to further reduce the potential of HPTD getting 
damaged during build process. 
 
 ABC related to this project should be given special attention to be processed 
quickly. 
 To reap the benefits of this project it is important to pay special attention to the ABC 
sheets raised for the improvement actions. Since the ABC sheets are now in the systems, 
quick evaluation, processing and implementation would be a key to success. Potential of 
components getting damage will keep on reducing if more and more ABC sheets are 
implemented. 
 
 FMEA to be Re- Evaluated. 
 Once the improvement ideas are implemented, FMEA can be re-evaluated to check 
the risk potential again. Team should again have brainstorming session with the CFT 
members and rank again each criterion. Risk of potential damage will reduce if RPN number 
















5  Problem Foreseen in Implementing Improvements. 
 
 Implementing the recommendation may not be easy task with many other projects 
running in parallel. Time commitment will be required by Module Build team to quickly 
implement the recommendation. Project leader will have to make sure that resources required 
for the project are met. It might take little more time than expected to realize the benefits of 
the project considering the lead time it takes to get new protection cover or getting tools 
repaired. 
 SOP prepared for storing and maintaining protection cover might not be followed 
after some time of use & would be left just another document displayed on the floor. This 
shouldn‘t be the case. Process owner should take responsibility to ensure strict adherence to 
the standards by doing weekly audits. 
 Lead time of buying or getting tool repaired might be considerably high. This should 
not deter in getting tools repaired. Using worn out tooling has a high likelihood of causing 
damage to the component. 
 Since, designing and sourcing of protection cover is sub-contracted process, cost 
negotiation, explanation of protection need and paper work etc might slow down the progress. 
 Feedback mechanism from the shop floor to relevant department to report problems 
related to protection covers and toolings might deteriorate. There is definite need of culture 
change at the shop floor to report the problem as and when noticed to the respective 
department. 
 Apart of the problems discussed above there may be many other problems which 
might surface out during the implementation stage. But the trick is to have the right frame of 
mind and discipline to carry out continuous improvement activities. Rolls-Royce production 












6. Control  
 
The main objective of the DMAIC‘s Control phase is to ensure that the gains obtained during 
Improve phase are maintained long after the project has ended. Once the improvement 
recommendations are  implemented next step would be to ensure sustenance of the 
improvement implemented. 
All the new protection covers identified, after successful prototype trial, should be added to 
ACR‘s.  
Standardization is the key to sustenance. As documented earlier,tooling re coating process 
should be standardized. SOP prepared should be religiously followed.  
To ensure good condition of the toolings ,regular audit of the tooling should be performed by 
process owner.  
Responsible person identified  in FMEA sheet for each concern area in the process should 























7 Conclusions  
 The purpose of carrying out this project was to increase the life of High pressure 
turbine disc, categorized as a ‗Group A‘ critical component, by reducing handling damage on 
it. Structured approach of Six Sigma‘s DMAIC process along with relevant tools and 
techniques guided the project to progress at each stage. Activities which may cause surface 
damage to the component were surfaced out during the process surveillance audit. FMEA 
then helped to rank the most critical process. Many improvement points were identified to 
make the process mistake proof.  
 There is a real need to identify a root cause and correct a systemic issue. Most 
problems related to protection cover maintenance and tooling care were related to systemic 
issues. The ―system‖ has a fault that needs to be fixed. Until  source of the fault is not found, 
most attempts to fix the problem will be futile or even counterproductive. For e.g. instead of 
wrapping tape around the tool, system which is now identified, should be followed. Tooling 
coatings are very important as they prevent tool and critical feature metal to metal contact. 
Looking after protection covers is again a similar issues which was overlooked before. 
Handling procedures should be strictly followed to ensure protection covers are fit for use. 
  Protection of critical parts in assembly and transportation is very important. Increased 
confidence in the process will enable designers to claim increased life on the component. One 
analysis as given by Trent 900 whole engine design team is 100 cycles of HPTD life is 
worth £7 million over a 10 year period. Hence life extension has a clear relation to 
continuous quality improvement program. With reducing the risk of damage in process the 
savings to Rolls- Royce by extending the guaranteed life of these components will be very 
substantial. 
 Similar methodology can now be applied to identify potential causes of damage in the 
process of two other critical components – Intermediate Pressure Turbine Disc (IPTD) & 
High Pressure Compressor Stages 4, 5, 6 and cone (HPC). 
 The DMAIC Six Sigma process was an excellent fit for this project. Any other areas 
which need‘s improvement solutions for quality related problems should benefit from this 
process. This project will be most likely to succeed if  top-level management stays supportive 







8 Experience & Learning achievements at Rolls-Royce Plc 
 
 Experience at Rolls-Royce has been very exiting and wonderful. The project team 
members are really very helpful in guiding and moving project forward. Regular meeting 
with the project team members has given me good opportunity to improve my team working 
and communication skills. The project made me work and think independently and start 
making decisions for myself. Project sponsor ensured that I get all the required resources to 
make the project successful. Rolls-Royce isn‘t just a leading ‗British aerospace‘ company; 
it‘s an institution in itself which I found very appealing. There are lots of learning resources 
available to study and gain knowledge in field of lean manufacturing, business process 
improvement strategies etc. 
 
 Working for a company like Rolls-Royce is very different from university, one of the 
most important skills that I learned here is ―People Skill‖ which is not taught in the 
university. Skills that I‘ve acquired working on this project are communication, team-
working & planning and the success of a project often rests on the understanding of such 
related people and project management issues, rather than technical issues. The skills I 
continue to develop are an absolute asset to my career growth. The experience and exposure 
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Production Assembly Operations Concession
£1,000
Average man hrs to process concession x assumed man hrs cost rate





















































































































































Appendix 8 – Project Execution Plan 
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Problem definition 3
Initial Project Plan 2
2 Data Collection 30
3 Module Build Process Mapping 10
4 Assembly Process Mapping 5
5 Focused Process Surveillance-QI 25
6 Identification of Critical features/CTQ 2
7
FMEA Preparation & Ranking/Prioritizing 3
8 Cause and Effect matix/Brainstroming 2
9 Identify Vital Few Improvements areas 2
10








Make sustenance plan.E.g Work Instruction, 
SOP etc.
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